Abstract: Utilizing all-optical parametric processing in a silicon photonic chip, we demonstrate wavelength conversion for 10 and 40-Gb/s NRZ as well as 160-Gb/s pulsed-RZ data signals, and demonstrate eight-way wavelength multicasting at 40-Gb/s NRZ data rates.
Introduction
The silicon material system endows novel optical devices with exceptional performance for diverse applications ranging from short-haul optical communication links to on-chip interconnection networks [1] . Its complementary metal-oxide-semiconductor (CMOS)-process compatibility enables low-cost, high-yield fabrication of monolithically integrated circuits that can combine the best of optical and electrical functionalities. Large index contrast enables waveguides with low bending losses and engineered dispersions, empowering a broad and flexible design space complemented with immense dispersion tunability [2] . Leveraging this tuning capability, silicon waveguides have recently become a promising platform for ultrafast all-optical parametric processing based on four-wave mixing (FWM), supporting future transparent optical networks with data rates approaching 1 Tb/s per wavelength channel.
FWM in Silicon Waveguides
Silicon waveguides that are highly optimized for optical nonlinear processes are dispersion engineered to maximize conversion efficiency across broad optical-domain bandwidths [2] . The device discussed here is a 1.1-cm-long waveguide with a height of 290 nm, slab thickness of 25 nm, and width of 680 nm. Using a continuous-wave pump, these dispersion-engineered silicon waveguides have been demonstrated to perform wavelength conversion across almost 200 nm, spanning four telecommunications bands, with conversion efficiencies in the vicinity of -10 dB [3] .
All-Optical Wavelength Conversion
Converted optical data streams have been analyzed for both 10-Gb/s [3] and 40-Gb/s [4] signals using time-domain (eye diagrams) and frequency-domain (output spectra) methods. In [5] , we use critical quantitative systems-level performance metrics, including bit-error rate (BER) and power penalty, to analyze the impact of physical-layer distortion on other communication layers. We obtain error-free conversion (BERs less than 10 -12 ) at NRZ data rates of both 10 and 40 Gb/s. We demonstrate 10-Gb/s power penalties below 0.5 dB over a 20-nm converted signal wavelength range and over a 25-nm conversion bandwidth ( Fig. 1a and Fig. 1b ). This represents the largest converted signal range over which data-signal conversion in silicon waveguides has been explored, and is limited only by the bandwidths of the erbium-doped fiber amplifiers (EDFAs) used in our experiment, rather than the device bandwidth. In [6] , we present ultra-broadband wavelength conversion in silicon photonic waveguides at the NRZ data rate of 40 Gb/s. The demonstrated conversion bandwidth spans the entire S, C, and L bands of the ITU grid. Using a continuous-wave C-band pump, an input signal is converted across nearly 50 nm, and BER measurements are performed on the converted signal. The conversion efficiency of the silicon waveguide, defined as the difference in the peak power between the input probe channels and output signals (both at the output of the chip), is plotted versus injected pump power (Fig. 2a) , with an observed near-quadratic relationship. As the pump power increases beyond 24 dBm, the gain in conversion efficiency begins to roll-off due to excessive loss caused by two-photon absorption-induced free-carrier absorption. In the same figure, the wavelength dependence of the device is characterized. The 3-dB conversion bandwidth exceeds 110 nm for the measured device, where the conversion bandwidth is defined as the difference between the input probe wavelength and the converted signal wavelength. A sample optical spectrum analyzer (OSA) trace (Fig. 2b) depicts the 47.7-nm conversion at a data rate of 40 Gb/s with conversion efficiency near -16 dB. Fig. 2c shows BER curves taken on the converted signal at 40 Gb/s. Each converted signal curve demonstrates BERs below 10 -12 . The power penalty ranges from 2.9 to 4.7 dB for different pins of the demultiplexer. The discrepancy between the pins is likely a result of non-unity mark:space ratio or uneven jitter between rising and falling clock edges.
In order to further demonstrate data rate transparency and scalability of this device, we show a 160-Gb/s pulsed-RZ wavelength conversion across 21 nm in the C-band using the same dispersion-engineered silicon photonic waveguide [7] , the highest data rate achieved for a single-channel conversion in silicon to date. Spurious four-wave mixing is also observed near the pump in wavelength with 160-GHz spacing likely resulting from nondegenerate conversion of the harmonics of the input signal [Fig 3] . Fig. 3 . OSA trace displaying the spectrum immediately following the waveguide, demonstrating wavelength conversion of a 160-Gb/s data signal.
All-Optical Wavelength Multicasting
Broadcasting and multicasting of optical messages, critical network processes associated with the selective dispersing of information across many nodes, have traditionally been performed in the electronic domain using power-hungry optical-electronic-optical (O-E-O) conversion. Although all-optical multicasting has been demonstrated within bulky fiber-based systems [8] , we present for the first time in [9] the use of FWM for multicasting on-chip in the silicon platform. We perform the multicast number selectivity demonstration by examining the wavelength spectrum at the output of the chip using the OSA (Fig. 4 ). An eight-way multicast is achieved by turning on eight input probe channels (C21-C28 of the ITU C-band), producing eight phase-matched converted output signals (Fig. 4a) . A four-way ( Fig.   a153_1.pdf NThA6.pdf 4b), two-way (Fig. 4c) , and one-way (Fig. 4d ) multicast is then achieved by turning off selective input probe channels. Similar results are obtained with arbitrary permutations of the eight input probe channels. The conversion efficiency is -12 dB and remains constant for each multicasting configuration, indicating the possibility of further scalability. The input eye diagram in Fig. 4 is obtained by using the digital communications analyzer (DCA) to examine the pump signal at the output of the chip (with all the probe channels off). The output eye diagrams are obtained by using the DCA to examine the selected converted signal with the largest conversion bandwidth.
Conclusions
We perform all-optical wavelength conversion in dispersion-engineered silicon waveguides using FWM, showcasing 10 and 40-Gb/s NRZ as well as 160-Gb/s pulsed-RZ wavelength-converted data signals. We then present wavelength multicasting, with up to eight-way multicast number selectivity demonstrated at 40-Gb/s NRZ data rates. These parametric processes performed in the optical domain within this compact photonic integrated circuit (PIC), will enable the transition from the traditional power-demanding electronic domain to the significantly more scalable, compact, energy-efficient, and data-rate-transparent optical domain.
This work was supported in part by the DARPA MTO Parametric Optical Processes and Systems program under contract number W911NF-08-1-0058.
